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ABSTRACT 
On 28 June 1983 one span of the Interstate 95 bridge over the 
Mianus River collapsed. Investigations included research conducted 
at Fritz Engineering Laboratory to determine material properties, 
frictional resistance, local bearing effects, load-deformation 
characteristics, effects of corrosion, fatigue and fracture 
properties, and metallographic and fractographic studies of crack 
surfaces. 
This thesis summarizes efforts to quantify the magnitude of 
forces and displacements in the pin-hanger assembly and assess their 
role in the collapse. Friction, fatigue and deformation tests were 
performed during the investigation phase and are included here. 
Finite clement analyses of the pin detail and two sections of the 
bridge were carried out in order to assess the forces acting on the 
hanger connections and other elements of the structure. 
For tho loadings analyzed, insufficient lateral forces were 
computed to auggoat. that tho hansoro could overcome the f riotion 
roroos at. tho pin surface. Substructure onalyois also rovonlod no 
indication that contact was 1111do botvoan tho wob or tho girdorn and 
tho hanger that would cronto higher prying rorcoo. Analyn1a or the 
skovncoo o.rroota 1lluatrnton how tho akov nnglo or tho bridge 
grontly orroota tho unovon load dlotrlbutlon ln tho hAngaro, lotorAl 
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displacements of the pins and forces acting on the windlock. 
2 
1.1 Background 
Chapter 1 
INTROOOCTION 
It was approximately 1:30 a.m. on June 28, 1983 when one span 
of the Interstate 95 bridge collapsed into the Mianus River. The 
Mianus River Bridge is a mul tispan, double cantilever, suspended 
span bridge located in Greenwich, Connecticut. The failure of this 
bridge stirred up renewed warnings from engineers and politians that 
America's infrastructure is deteriorating rapidly. According to the 
National Highway Traffic Safety Administration [3], about one half 
of America I s 564,500 bridges are potentially unsafe and in need of 
extensive repair. llearly 300 bridges sag, buckle, collapse or are 
washed away annually. Many of them are old and beyond economical 
repair. The 25 year old Hianus River Bridge, however, cannot be 
counted amoung these structures. Collapse of the 30.5 m section of 
the bridge totally surprised Connecticut Highway Officials; it had 
been deemed safe following its lost inspection in September 1982. 
1.2 General Review ot Probleaa and Related Faotoro 
Intorotate 95, as it paasos over the Hianun River, in o divided 
highway vit.h throe lano.o in each direction. Tho northbound bridge 
act.a indopondent or the southbound otructuro with tho exception of 
an oxpannion Joint in tho 203 ca concrete dook over tho cantor pier. 
Figure 1 ohowD a achoutio drawing or two nptano or tho at.ructuro. 
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The shaded area identifies the 30.5 m suspended span that fell from 
the bridge. This section consists of two main girders and a system 
of floor beams, stringers, diaphragms and bracing supporting the 
deck. This complicated mesh of structural members is shown in Fig. 
2. The suspended span is supported at the girders by two different 
systems. The west end at points A were provided with a pinned end 
bearing while the east end at Bis a pin-hanger assembly. Figures 3 
and lJ show the profile of these support conditions. The failure 
evidence suggested (5] that over a period of 25 years, the hanger at 
the outside location of the southeast corner came to carry all of 
the load at that reaction. This situation was the result of the 
corrosion, local bearing, fatigue cracking and fracture that oc-
curred at the lower inside pin. This resulted in a gradual 
redistribution of load and an eventual loss of contact between the 
pin and the hanger. The photograph in Fig. 5 illustrates tho degree 
of corrosion at tho location. Subsequent failure of the bridge 
resulted when the top end of tho outside banger worked its way to 
the outer edge of the upper pin. This created high local bearing 
stress in tho pin which eventually cracked i roaulting in its frac-
ture. Figure 6 is a crosn-soctionnl detail of tho pin-hanger aa-
uombly and indicates tho position or tho outer hanger nt tho time or 
failure. Once tho pin fracturod there wa.e no :support nt tho aou-
thoast corner, tho apan dipped and foll into tho river. 
1.3 Investigations 
Within a week of the accident, Connecticut Department of Tra-
nsportation (ConnDOT) engaged Zetlin-Argo Structural Investigations, 
Inc. , a New York city firm, to determine the cause of collapse. 
Fritz Engineering Laboratory personnel assisted in this investiga-
tion by performing detailed inspection and testing of the bridge 
parts that contributed to the collapse. Material and physical 
property tests were conducted upon delivery of bridge members to the 
laboratory on October 6, 1983. Specific details and results of 
those test relavant to this thesis are presented in Chapter 2. 
Another independent investigation was conducted by the National 
Transportation Safety Board (NTSB) [ 9]. This included eye-witness 
testimony, facts on past bridge inspection, driver and vehicle in-
formation, post-accident inspection and other information. As part 
of this investigation, NTSB consulted with Hodjeski and Masters who 
developed a computer model to study the pin-hanger assemblies and 
quantify the forces and lateral movements that may have influenced 
the failure of the bridge (8). 
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1.4 Objectives 
There were several factors that may have been involved in or 
contributed to the collapse: 
- road surface condition 
- lack of redundancy in design 
- skewed angle of the bridge 
- lateral forces on hanger assemblies 
- corrosion 
- stress concentration condition 
- cracking in several elements 
Redearch at Fritz Laboratory during the period October 1983 - June 
1984 focused on analysis of the last three of these factors. The 
objective of this thesis is to analyze and summarize the factors 
that may have been involved in the lateral displacement and cyclic 
loads acting on the outside southeast hanger that eventually led to 
failure of the pin detail. 
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Chapter 2 
MECHANICAL PROPERTY TESTS 
Several tests were performed to determine the condition and 
strength of specimens removed from the bridge. Friction and fatigue 
tests were completed in order to quantify the interactive forces be-
tween the pin and hanger. Indentation tests were conducted to as-
sess the forces neccessary to deform certain details to the extent 
experienced by components from the structure. 
2.1 Friction Tests 
The friction tests were conducted using the specimen shown 
schematically in Fig. 7. The upper northeast pin was removed from 
the structure, welded to a 63.5 mm base plate and stiffened to 
withstand eccentric loadings. The purpose was to determine the 
frictional relationship between the pin and hanger in the assembly. 
A section or one or the hangers from the bridge was loaded ver-
tically on the upper northeast pin thru a pot bearing C to reduce 
frictional interference). A horizontal load was applied and dis-
placement measured. Fig. 8 shows tho test rosuJ. ts rroc which a 
otatic coetrioiont between 0.26 nnd O. 30 was est.1:atod. A t.1mo-
dopendont (oroop) test waa also conduotod. Tho 0.89 HH vertical and 
0.15 KH horizontal loads wore a.aintainod tor a period or 168 houra 
and displaoocontD conaurod. Tho horizontal loud woo than raiaod to 
0.22 f'Jl and hold ror another 111~ houra. Thono rcoulto arc plotted 
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in Fig. 9. Creep rates for these two horizontal load levels were 
1.37 x 10-4 mm per hour and 3.71 x 10-4 mm per hour. A slip coef-
ficient of 0.395 was estimated in this test indicating that a high 
degree of "digging in" occurred as a result of the sustained load-
ing. This is also evident by the sudden rigid body movement that 
occurred at 0.35 MN (see Fig. 9). 
The dynamic friction tests were carried out in the same manner 
as the static tests (see Fig. 10 for test setup). The vertical load 
was cycled at 4.2 Hz between 0.65 and O. 89 MN and a constant 
horizontal force was applied. In order to simulate the original 
bearing conditions, both hanger and pin surface were ground smooth. 
Prior to dynamic load, a static load test of' o.60 MN was run; 
results are shown in Fig. 11. In contrast to what was seen in the 
previous static friction test with corroded surfaces, displacement 
proceeded slowly until 0.26 MN was reached. At this point sudden 
movement of' the hanger occurred and tho gap was closed completely. 
Based on the static test, a horizontal load or 0.18 HH was ap-
plied during the dynamic loading. Arter 600,000 cycles no detect-
able movement occurred. Tho horizontal load was then increased to 
0.22 HN ond 1.14 million oycle:s applied. The maximum creep diD-
plaoemcnt thnt vns observed was 0.112 mm. Fig. 12 is a plot or tho 
dynllD.io friction tost rosu.lta. In botwoon tho two dit(aront 
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horizontal load levels , the specimen was unloaded and contact sur-
faces inspected to look for unusual surface conditions that may have 
caused more interaction; none was found. 
2.2 Fatigue Tests 
The pin-web specimen used in the friction tests was inverted 
and mounted to the stationary head of the Amsler Alternating Stress 
Machine. A section of one of the hangers was welded to a 13 mm 
plate and bolted to the movable head of the test machine. The pin 
was subjected to a 13 mm engagement length with the hanger segment 
in order to create a high bearing stress condition similiar to that 
which existed on the upper southeast pin prior to fracture. Fig. 
13 is a photograph showing the test setup. 
A stress range of 0.29 MN was initially applied {0.69 - 0.98 
MN); this was to simulate the effective load range from truck traf-
fic and the bridge weight that acted on two hangers of the existing 
structure. Strain gages were mounted on the pin as indicated on 
Fig. 14. Five gages were independently fixed to the surface of the 
pin just behind the loading point. Figure 14 is a plot of load ver-
sus strain readings for these gages during the initial static load-
ing. 
The pin was subject to 10.4 million cycles of load botween 0.69 
and 0,98 MN with no detootablo craoka in tho pin aurfnoo. Tho 
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cyclic load range was then increased to 0.34 MN. After a total of 
22. 4 million cycles was imposed, the bearing length was reduced to 
9. 5 mm and cycling continued. After an additional 1. 4 million 
cycles, testing was stopped due to the shear failure and the large 
amount of permanent deformation of the hanger (see Fig. 15). No 
cracking was evident in the pin surface, however a small amount of 
plastic deformation had occurred on the pin. 
2.3 Indentation Tests 
2.3.1 Deformation Test of 356 mm Washer 
Figure 16 is a photograph of the cross sectional cut made 
through the upper southeast pin. Approximately 25 mm of corrosion 
can be seen between the two 356 mm washers. This corrosion caused a 
large amount of out-of-plane distortion in the loose washer. In or-
der to assess the magnitude of force necessary to deform one of 
these 6.4 mm washers, one was removed and tested. The washer was 
supported around its outer edge and loaded as shown in Fig. 17. 
Load-deflection results are plotted in Fig. 18. It can be seen 
that a load or approximately 0.089 HN was required to deform the 
washer 25 mm. 
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2.3.2 Deformation Test of 229 mm Retainer Plate 
There was extensive out-of-plane deformation experienced by 
several of the 229 mm retainer plates ( see Fig. 6). This defor-
mation created another of the forces that was involved in the pin-
hanger assembly. 
Testing of one of these retainer plates was similiar to that of 
the 356 mm washer. The plate was supported around its perimeter and 
loaded through a nut and 51 mm washer. Figure 19 shows the test 
results. For a displacement of 25 mm, 0.17 MN was required. 
t1 
Chapter 3 
COMRJTER ANALYSIS OF EXISTING STRUC'IURE 
Several computer analyses have been performed in order to quan-
tify the forces and displacements experienced by the structure as 
influenced by loading, wind lock engagement, loss of contact between 
the inside hanger and lower pin in the southeast corner and skew-
ness. 
3.1 General Remarks 
Two different finite element analyses have been performed. The 
first was a limited analysis performed on the 178 mm pin. This was 
completed during the research and testing period conducted as part 
of the Zetlin investigation. Its purpose was to determine the dis-
tribution of stresses across the top of the pin as well as down into 
its depth as a function of the magnitude and direction of the load-
ing. 
The second analysis was on a more extensive and larger scale 
model oonshting of the suspanded :span and the continuous span 
(including cantilever) over Pier 21 to Pier 22. The purpose or the 
second annlysh wns to determine tho ciagnitudes or tho torcen and 
coconta in the pin-hanger uuscably and tho eount or lateral dis-
placecento or the pins to bettor assess their role in tho failure or 
tho bridge. 
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Both analyses were performed utilizing the existing finite ele-
ment library, SAP IV - A Structural Analysis Program for Static and 
Dynamic Response of Linear Systems [2]. 
3.2 Pin Analysis 
Fracture of the upper southeast pin occurred when the outside 
hanger had been pushed out 25 mm from the web (see Fig 6). When the 
stress intensity exceeded the material's fracture toughness, failure 
occurred. 
3.2.1 Modelling and Loading 
The finite element analysis of the pin incorporated the use of 
general three-dimensional, eight-node, isoparametric elements with 
three translational degrees of freedom per node. Figure 20 shows 
the discretization model; five layers of elements from the edge of 
the pin to the plane of the web were used. Structural and loading 
symmetry about a vertical axis was utilized. Nodes at the web were 
fixed to prevent translation in any direction. The following bear-
ing lengths and load distributions were analyzed: 
- 13 mm bearing, even distribution 
- 13 mm bearing, linear distribution 
- 19 mm bearina, even distribution 
Londa wore initially icposed to simulate tho 13 mm bearing distance 
that existed during tho fatigue toot. A oinunoidal distribution ot 
loads was used around tho pin rroa a =aximum ot tho top surface to 
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zero at points on a horizontal plane. The even load distribution 
over the bearing distance was used to simulate a condition of 
uniform pressure being exerted on the pin by the hanger. The linear 
load distribution was to model an uneven pressure condition that 
would be present if out-of-plane bending existed in the hanger. The 
relative distribution of load in the linear case is shown in Figure 
20. The design dead load of O. 98 MN was used in the case of 13 mm 
bearing length while a total dead/live load was used in the 19 mm 
case. 
In addition to these variations, horizontal loads were applied 
in the first and second cases to simulate frictional forces in the 
interaction between the pin and the hanger. The horizontal load was 
varied as a percentage (0-10-20J) of the vertical load. 
3.2.2 Results 
The effect. of varying the amount of horizontal load on the 
principal stresses aro graphically shown in Fig. 21 for the tri-
angular load condition. £ach or tho three plotti shows the stress 
distribution into tho dopth of the pin from its outer race to the 
web ot tho girder. The throe graphs correapond to tho throe olo-
cento labollod in Fig. 20. Coaputod voluea are tabulated in Table 
1. Sinco SAP IV porl'or·cu, n Unttar analyoh, tho atrcuu1oa 11:itcd =ny 
oxcc,cd tho yiold atrongth or tho pin aa dotorc.J.ned by tho tenoUe 
toato conducted undor tho proJoct. The oquivolont otroin on tho top 
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surface of the pin for the 13 mm bearing length ( linear 
distribution) with no horizontal load is 0.0058 mm/mm. This is the 
same magnitude of strain as that measured during the laboratory 
fatigue test at a distance 16.7 mm from the end of the pin. 
The orientation of the principal stresses in each element for 
this load case is shown in Fig. 22. This demonstrates that the 
principal tensile stresses were nearly parallel with the x-axis of 
the pin for the top row of elements, hence perpendicular to the 
direction of crack propogation in the pin. 
The bearing stress distribution (z-direction stresses) are 
shown in Fig. 23. These results show that high local bearing 
stresses penetrated well into the depth of the pin. This verified 
the deformed grain structure found in the pin and sliver through the 
microstructure studies during the investigation [5]. 
In order to simulate the loading conditions experienced by the 
pin prior to failure, an analy::sis was performed with a bearing 
lel18th of 19 mm and a total load or 1. 52 Mll. Comparison of these 
results vith those siculating tho fatigue test (13 mm bearing, oven 
distribution) in shown in Fig. 24. 
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3.3 General Structural Response Analysis 
3.3.1 Prior Studies 
Two independent analyses of the bridge I s structural response 
were accomplished. One was performed by Zetlin-Argo Structural In-
vestigations, Inc. (10]. This study included the suspended span and 
the continuous span (including cantilever) between Piers 21 & 22. 
Their analysis considered the following: 
- six loadings (1-dead, 4-live, 1-wind) 
- three variations on floorbeam end conditions (fixed, hinged and hinged with 254 mm eccentricity) 
- with and without windlock 
- two variations on hanger end conditions (fixed and semi-fixed) 
Live load cases included three trucks loading the suspended span as 
shown in Fig. 25 and three trucks with the same relative position 
but loading the cantilever span. Other loadings included single 
truck and two truck (ono behind the other) loadings in the outside 
lanes. Computer program STRAAD was used for the analyses. Per-
tinent results or these analysoo were not available. 
The second computer analysi:l wu, accompli:shed by Hodjeski & 
H3:ster:s [ 8]. Their analyoia inoludod all spans between Pi ors 19 & 
22 and was porf'orced using tho prosrl.Q, Structural Ensinoering Sya-
Their thrcc-dJ.aonnionnl apace r nmo 
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analysis was to provide an estimate of the out-of-plane relative 
movement of the pins. The model was derived by successively alter-
ing properties of the deck and other members individually to obtain 
the desired response. Significant model conditions are as follows. 
The concrete deck was modelled composite with the girders. The 
centroid of the floor beams and stringers were at the deck level. 
Stiff stub columns were utilized to transfer forces between the deck 
and the girders. 
The live load analysis was performed using three HS-20-44 
trucks as shown in Figs. 25 and 26. Analysis of a right bridge 
{skew angle of zero degrees) was also performed. 
Several loadings were applied to the model, the most critical 
response was found to be caused by three HS-20 trucks arranged with 
their middle axle on the end f loorbeam of the suspended span and 
distributed over three traffic lanes. 
3.3.2 Modelling 
This nnnlyai:, includes tho Dru:18 spans as that done by ZotUn. 
The finite element analysis waa porf'on::ied on tho suspended span and 
tho continuoua npan to Pier 22 (aeo Fig. 1 ). A.s with the pin, 
analyst~ was co~plotod utiliztns SAP lV. Tho diaoretizntion or tho 
ausponded opan 1a Dhovn in fig. 27. Dborot.iut1on or tho oon-
tinuou:, opnn Jo o1cdlinr to thia with approxii:utoly tho oa.oo nuabor 
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of elements. Since SAP IV has no provisions for triangular plate 
bending elements, the main girders had to be shifted slightly to 
create a 54.5° skew rather than the actual 53.7°. This created the 
needed intersection of plate bending lines with the structural mem-
bers and allowed for composite action of the deck as shown by the 
heavy dots in Fig. 27. 
Three element types were used. Three-dimensional beam elements 
with three translational and three rotational degrees of freedom per 
node were used for the following members: 1) floorbeams, 2) 
stringers, 3) diaphragms, 4) knee bracings, 5) pins, 6) hangers, 7) 
flanges of plate girders, 8) windlock, and 9) lateral bracing 
(connected at mid-height of web). A detail drawing of the windlock 
is provided in Fig. 28; its location 1B indicated on Fig. 2. The 
floorbeams, stringers, windlook and diaphragms were all modelled 
with their centroids at the deck level. Rotation of end floorbeams 
was transauttod to tho main girders by short stiff beam elements to 
mid-depth of tho web. End releases were used as follows: 
1. tloorbeaaus - abear and coaont transferred to main 
girder 
2. ~tringors -- sicply supported at floorboo.as 
3. girdor nango:s -- no odnl load or twiotlng at ends 
•· hnngora -- rrco to rotate about pin 
5. knoo broc.ing & lat.oralo - tnnttal ta all rorcoo & co-
conh 
18 
The top flange of the plate girder included the flange, the portion 
of the mcrete deck above the flange and the parapet. Element 
properties were determined by the Method of Transformed Section [6]. 
The axial area of the pins were reduced 97% in order to simulate 
frictional interaction between the pin and the hanger and allow for 
out-of-plane movement of the hanger. Flexural properties of the pin 
were maintained as they are in the structure. 
Plate bending elements (again with six degrees of freedom per 
node) were used for the 203 mm concrete deck and the webs of the 
plate girders. The deck was modelled as isotropic; the effect of 
the reinforcement was compensated for by using 229 mm as the element 
thickness. Plate bending elements were also used for web of the main 
girders. The thickness of the web elements were similarly adjusted 
to include the addition of transverse stiffeners. 
Boundary (or spring) elements were used for two purposes. The 
first was as an idealization of an external elastic suppart. At the 
west end or the suspended span, instead or modelling tho continuous 
span from Pier 19 to tho end or the cantilever span, boundary ele-
ments were usod to provide supports at tho pinned bearing locations. 
Thi~ all01'od ror compution or these support rcaottono and at Ptern 
21 and 22. Tho eooond use ror thoao olocsanta was their application 
to oi::iulnto lntoral bracing cutabora in tho onot end or tho con-
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tinuous span near Pier 22, far from the area of interest. This was 
done in place of truss or beam elements to avoid a 200% increase in 
bandwidth of the stiffness matrix. 
3.3.3 Loading 
Dead load of the bridge was provided using weight density of 
each of the beam elements resulting in automatic calculation of 
point loads by the program. Weight of plate bending elements in the 
deck was computed by hand and applied as uniform pressure. A dead 
load of o. 0236 MN/m3 was utilized for reinforced concrete as sug-
gested by AASHTO specifications [1]. Additional weight for a 51 mm 
macadam wearing surface, expansion joints, drainage conduit and 
other items were included. The weight of the girder webs and stif-
feners was also computed and distributed by point loads at the mid-
depth of each girder. For the dead load analysis, the model was al-
tered to reflect no stiffness contribution of the deck to the struc-
ture. This was accomplished by reducing the thickness of the deck 
elements to 0.25 mm. For live load (including wind) analysis, deck 
elements above the top flange of the main girders were similiarly 
reduced to 1.27 mm. This was to simulate tho lack of deck-flange 
flexural composite action that was believed to exist by the time ot 
failure. 
Wind londo (according to AASHTO code) woro opplied to the aouth 
roca or tho oouth girdoro. A lood or o.002~ KH/c2 wno uoad. 
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Live load analysis was performed for three cases; Figs. 25 and 
Figs. 26 show two of these conditions. The third live load case in-
cluded a single truck in the right-hand lane. In addition, lon-
gitudinal forces parallel to the deck and in the direction of traf-
fic were applied to the live load case as shown in Fig. 25. Their 
magnitude was equal to 90% of the vertical live load forces since 
the coefficient of friction of rubber on concrete is 0.6 - 0.9. 
(Later, it was determined [9] to be between 0.71 to 0.79.) 
Three different conditions were analyzed: 1) the structure as 
designed 2) the inside southeast hanger removed since it was 
believed that this was carrying no load prior to collapse, 3) the 
windlock was removed since this detail was worn and eventually frac-
tured (Its effectiveness was uncertain). 
3.3.~ Results 
Table 2 gives a listing or the loading and structural con-
ditions analyzed. Load caaoa 7 and 8 were conducted under Live Load 
No. 1 ainoo, with rev oxoeptiono, it waa round to be aoat dotrit.en-
tal. Tablea 3 throu.gh 8 contain tho reoulu or theao onolyaoa. 
Tablen arc indontified aa follovo: 
I - reactionn 
II - rolAUvo dtoplaoosent:, nnd hongor shOAr rorcoa 
III - hangor ond =oc:anta 
Ratorcnco numboro on thono tobloo oolnctdo with tha ro1ct1on loc1-
t1ona no indlcatfid on FJg. 29. 
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3.3.4.1 Dead Load 
Dead load response was obtained by imposing the loads, as 
stated in Section 3.3.3, to a model whose deck stiffness was reduced 
to zero. This simulated the conditions existing during construction 
since the concrete dead load would be present but the slab offer no 
flexural resistance. 
Results of dead load analysis are shown in column one (Load 
Case 1) of Tables 3 - 5. When comparison between the zero deck-
stiffness model and the complete model with deck used for live load 
analysis is made, it is seen that vertical reactions changed very 
little. The modelling change also didn't affect the distribution of 
load in the hangers but did change the magnitude as much as 10.4%. 
Shear forces in the hangers wore increased by 0.01 MN, at most; 
while bending moments were raised by 9. 5% and 6'/J in the southeast 
and northeast sets respectively. The most noticable change between 
these two models was the magnitude of relative lateral movement or 
th& pin,: 
DEAD LOAD MOVEMENT (11m) 
Zero St.itfnoa:s 
Soutboaat A-B ,-.66 
Morthoaat. E-f' 10.03 
Livo Load Kodol 
2.02 
4.95 
On tho ovongo, t.h1o roou.l tad in 1 U htghor Dhoaro And aoconu on 
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the hangers as the dead load was applied. 
3.3.4.2 Wind Load 
The effects of design wind load on the existing structure are 
shown in Tables 6 thru 8. The design wind load was applied as a 
pressure perpendicular to the web. Considering the magnitude and 
direction of this loading, it is expected that it has occurred only 
a few times {if at all) since the bridge was constructed. 
There's a large, not unexpected, increase at the horizontal 
reactions of the abutment and pinned bearing support. At the 
northwest pinned connection the maximum load, though, is only about 
0.30 MN. 
The increase in axial load in the windlock, however, is more 
signi!'icant. With a load of 0.22 HH, the maximum tensile (axial 
plus bending) stress at Section B-B (see Fig. 28) is calculated to 
be 147.5 HPa. The stress range in the vindlook tonsue is or insur-
f1oient magnitude to oreaLe fatigue pa•oblem& in that dGtail. There 
wns, however, fatigue cracking in the welds between the windlock and 
floorbeam at tho location marked •A• in Fig. 28. Relative lateral 
dbplaoemontD (due to wind lood) between tho upper and l01o1or pina 
nro 2.2 am and 2.9 ma at tho aoutboaat and northeast cornoro rODJM2C• 
tivoly. 
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At first glance, the most dramatic response seems to occur un-
der wind load when the windlock is removed. Axial load in hanger AB 
goes from O. 6 8 MN to O. 11 MN and in Hanger CD more doubles. By 
removal of the windlock, relative pin displacements increase by over 
twenty times their values under wind load alone. The average rela-
tive displacement {z-direction) of deck nodal points between the 
suspended and cantilever spans is 66 mm. The expansion joint of in-
terlocking fingers above the windlock has a total gap of 13 mm. Ac-
cording to the NTSB (9], post-accident inspection revealed that 
suspended spans in the southbound bridge were completely shifted 
north and those in the northbound had shifted south. This would in-
dicate that the deck can only translate the available 13 mm. 
Another point to consider, though is the interaction this bridge's 
deck must have with its counterpart in the southbound bridge. 
Lateral sway is further restricted by the deck through the 64 mm 
bituminous joint filler between them. At best, Load Case 19 can be 
considered an upper bound solution. The actual bridge response 
would be closer to 13mm/66mm or 20% of values obtained in Load Case 
19. 
Wind load places a largo tensile stress at tho net section or 
the hangar when tho windlock is engaged. Usina tho formula: 
p H 
If' II + 
A S 
the total net section stress (including dead-wind-live loads) 
was found to be 191.0 MPa and 159.3 MPa in Hangers EF and AB. This 
is, however, less than the yield stress of the hanger material 
(240.6 MPa [5]). 
Removal of Hanger CD from the structure has several significant 
effects on response from wind load alone. Applying wind load to 
that structure increases the load in Hanger AB by 0.086 MN over the 
original structure's response under the same loading. Bending mo-
ments in Hanger AB are more than two times their initial values, 
however, the maximum stress is 226.8 MPa which is still less that 
the yield stress of that material. This loading puts the largest 
shear force on the upper end the hanger at Pin A; this is equal to 
0.008 MN. 
3.3.4.3 Live Load 
Results of live load analyses are tabulated in Tables 9 thru 
11. Live Load No. 2 (see Fig. 26) results in slightly higher (1.6J) 
loads and bending coments in Hanger AB than Live Load No. 1 (see 
fig. 25), however, tho latter generally oreated larger shears, mo-
ments and displncecents in the bangers in moat ot tho analysoa. 
Roaovnl or tho w1ndlock ro:,ultod in ozuu1nt.1ally 1 ts ontire 
shoar lOAtf boing carried by tho hnngorn; tho isouthcuust pair 0.011 an 
1noroaao in load or 13.21. tho rolativo lateral displacoaonta in-
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creased to 6.2 mm in the southeast corner and decreased to 2.7 mm in 
the northeast. Hanger shear forces remained fairly constant; at Pin 
A, the shear force acts to keep the hanger on the pin. 
When Hanger CD is taken out of the structure, most (98%) of its 
load is redistributed to the outside hanger (AB). Relative move-
ments of both pins increase: 6.17 mm (A-B) and 5.03 mm (C-D). The 
redistribution increases the bending moments in the hangers and 
creates a high stress condition. With the full fixity used in the 
model, bending stress in the hanger reaches 889 MPa on the net sec-
tion which is compatible with the inelastic behavior observed in the 
outside hanger. Considering the amount of corrosion that existed in 
both the hanger and the pin, this particular analysis gives conser-
vative results on lateral displacement and the moment would never 
reach that value. 
Analysis of a single truck in the right-band lane was per-
formed. Results of this analysis are given in Tables 9 to 11. When 
compared with Load Case 2 (three trucks along tho expansion joint) 
all significant reaponsos wore reduced. Tho axial forces in tho 
southea.st hangers wore 28J (outnido) and 37J (inaide) lower than 
with the throe truoks. The northoaat. hangers had axial loads 96' 
lower. Roductions in latornl displacoconts rnngod rroe 7.1s to 66J; 
tho larger dooro.ouo being in the outaido hungers. Tho largont in-
26 
crease in shear force on the hangers was at the upper southeast pin 
(A), yet it remained a negative shear. 
3.3.4.4 Brake Load 
The effects of longitudinal, horizontal loads were considered 
with Live Load No. 1. Table 3 - 5 show the effects of brake load 
alone (live load response has been removed) on the structural reac-
tions, lateral displacements at the pin-hanger assemblies and axial 
forces in the pins. For other than vertical reactions, the change 
in magnitude of forces was less that 0.036 MN. The largest increase 
in the continuous span was 13.2%; that took place at the northeast 
abutment (#18 in Fig. 29). 
The increase in lateral displacements due to longitudinal brak-
ing was minimal. The largest increase was 1. 70 mm at the lower 
northeast pin. This location also exhibited the largest increase in 
axial force on the pin but still only amounted to 0,007 MN. 
Braking had little erroot on tho performance of the windlock. 
Assuming there's no engagement under dead load, live load places tho 
windlock element in oompreaaion (meaning it would turtbor disongago 
and :ieparat.o). Braking effects aro inautfioiont. to cauao engage-
c:ont; "ind load is tho only analy:cid condition that. aubjootn the 
w.f.ndloolc to tenaion. Braking alao hots no apparent. orroot. on tho 
~henr rorcos in tho wJndlock dot.nil. 
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Moments induced in the hangers are increased from 7.5 to 23.5 % 
by longitudinal forces. The maximum live load moment with braking 
occurs in Hanger FH (4802 N-m or 86.9 MPa); the maximum total stress 
is 166.2 MPa in Hanger EG. 
3.3.4.5 General Response 
The most significant loading conditions for the axial force in 
the outside southeast hanger is Live Load No. 1 with the inside 
hanger removed and wind load applied. This maximum load is 1.52 MN. 
The maximum relative displacement between the upper and lower 
pins for any individual load case (besides dead load, since this 
would have been eliminated during fabrication and erection 
procedures) is 6.17 mm. This occurs at the southeast corner during 
Load Case 8. For the combined load cases described in the previous 
paragraph, the maximum movement is found to be 12.3 mm at the same 
location. 
Tho largest ahear force in Hanger AB at the upper pin that 
causes the hanger to displace ort the pin 1a 0.008 MN. Thh a.loo 
occurs in Load Caso 8 wboro only ono hanger is available. The i:ax-
.11::um positive nhonr force obtoinod during those analyoos 1a 0.067 Mll 
at Pin G tor n coob!.nnt1on or wind load and Live Load tto. 1 with tho 
windlook roaovod. 
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The maximum bending moment in a hanger is acheived in Hanger AB 
for a combination of load cases 1, 6, 8 and 10: 15490 N-m. This 
induces a (total axial and bending) stress of 454 MPa. This com-
bination of loads may be the cause for the kink found at the upper 
pin location in that hanger during the investigation. 
The computed results are compared with Modjeski & Masters 1 
results in Tables 12 and 13. Significant differences are seen for 
the live load cases where relative displacements are larger at the 
northeast corner that at the southeast. This difference may be 
caused by the loading conditions imposed. In Load Case No. 2, Mod-
jeski & Masters has some loading (9%) on the cantilever span (not as 
indicated in Fig. 25). This would account for the difference in 
axial load values since the sum of all hanger loads is greater than 
theirs. 
3.~ Substructure Model 
A simplified substructure analysis was performed on the pin-
hanger assembly. Tho objective was to determine if there was any 
interaction between tho hanger and web or tho plate girder that 
would cause on additional prying force at the pin. 
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3.4.1 Modelling 
Figure 30 shows the discretization used in the pin-hanger 
analysis. Two plate elements from the larger model were further 
divided as shown; hanger beam elements were also resectioned so dis-
placements could be computed along that member. Nodes marked with 
heavy dots indicate points common with the larger model. 
Node A was fixed against translation in any direction. Trans-
lations and rotations were applied to nodes B thru H by boundary 
elements; these values were obtained from results of Section 
3. 3. 4. 3. Axial loads and moments were applied at Points G and 
H. The beam elements installed from Points A to C have rigid tor-
sional properties in order to transfer y-axis rotations to inter-
mediary nodes. 
Truss elements were installed between the hangers and the web 
178 mm above and below the pin to simulate the expanded corrosion 
and washer. A modulus of elasticity of 276 HPa was used for these 
elements as this was the value obtained for corrosion product during 
the investigation (5]. An initial analysis was completed to see if 
any or those truss elements wore in tension. 
removed and tho ayatec reanalyzed. 
Ir so, they wero 
Analyain wa portor=od on t.bo nort.heaat and aoutboaot. pin-
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hanger assemblies for Load Case #8 and a combination of #8 & #10. 
Both assemblies were analyzed at their condition just prior to 
failure. Hanger AB was displaced 35 mm to give a 12. 7 mm bearing 
length; Hangers EF and GH were displaced 17.3 mm and 19. 7 mm 
(equivalent to the amount of corrosion pack-out at the respective 
locations). 
3.4.2 Results 
Movement was checked at two locations for each hanger: for 
contact with the webs of the suspended span (S Span) and cantilever 
span (C Span). 
Results are as follows: 
INITIAL FINAL GAP FINAL GAP AVAILABLE GAP LOAD CASE #8 LOAD CASE #8 & #10 (mm) (mm) (mm) HANGER AB 
C Span 44.5 44.9 54.8 S Span 44.5 37. 9 39.3 
HANGER EF 
C Span 17.3 14.9 s.1 S Span 17.3 21.7 6.9 
HANGER OH 
C Span 20.3 22.8 28.4 S Span 20.3 16.0 27.3 
Aa oan be aeon, under no loading condition is tho gap completely 
oloaod. Tho cax.iJ:lum covement oooura undor Loadings 8 & 10 but still 
only clo:sos to 5.1 mm. Con:sidoring tho conditiona ot this loading 
(throo truoka aiaultonooualy with wind), it!: not likely to occur 
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often. At the site of interest (Hanger AB), the gap closed a max-
imum of 12%. 
The model was also analyzed with hangers free to rotate about 
the x-axis (Fig. 30). This resulted in larger gaps at all locations 
under both loading conditions. 
Chapter .IJ 
EFFECT OF SKEWNESS ON GENERAL STROC'IURAL RESPONSE 
Several additional analyses were performed to determine how the 
bridge's skew angle supports affects the load distribution at the 
supports, the amount of lateral displacements and magnitude of 
forces in the pin-hanger assembly. Analyses were completed for skew 
angles of 5~-~0-20-0 degrees. 
Two separate studies were performed. The first was an analysis 
of the 30.5 m suspended span only. The second set of analyses were 
completed using the entire span as described in Section 3,3.2, 
.IJ,1 Modelling Assumptions 
lf.1,1 Suspended Span Model 
Initially, one full analysis was performed on only the 
suspended span as it exists in tho structure. Boundary elements 
were used to support the west end or the span as in tho previous 
analysis. They wore al:so used in place or the upper pins on tho 
ontst end to provide translational restraint, Live load ca:sos were 
identical to thoue i=poaod on tho entire structure. 
Analyais waa than conduct.ad on tho sunpondod :,p.an with akow 
anglon or 5/f .. /f0 .. 20-0 dogrcon. For all or thoao cuoa, t.ho floor 
bona ond dtaphrll.gll olo=onta woro raaovod to allow ror tho chongo in 
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skew angle without creating the need for new coordinates and ele-
ments in the deck and main girders. Analysis of the 54. 4 degree 
span was performed in order to compare and separate the effects of 
loss of flexual support members. Then the skewness effects could be 
evaluated by reducing the angle only. The most significant results 
of the loss of floorbeam members was the change in lateral pin dis-
placement; they were over twice their previous values. Removal of 
those members, however, had little effect on the axial force, shears 
and moments introduced into the hangers. 
4.1.2 Full Scale Model 
Arter evaluating the results of this simplified model, it was 
concluded that the stiffness of the boundary elements used to model 
the cantilever span would have to be adjusted for each skew angle in 
order to properly simulate the bridge's response. 
In order to better assess the effect of skewness the full scale 
model was used. To accurately model the bridge for each skew angle 
would require redhcrotiztion each time. As the bridge rotates to 
zero degrees skew, the design would change and combers would neces-
sarily have to be relocated. The proble= ot lining up dock element 
nodes with the structural oleconto below the deck would again 
roatriot tho onglea that could bo conaidorad. 
To avoid thosa problcD!I, tho c:odol usod tor lJvo 104d nnalysia 
was altered to reflect the change in skew angle. This was done by 
maintaining the location of the south girders and changing the coor-
dinates of each row of nodes to reflect the desired angle. This 
resulted in rotation of floorbeam and diaphragm members from their 
90° intersection with the main girders. This was considered accept-
able since the centroid of these elements were at the deck level and 
their influence on the main girders would be suitably maintained. 
Fig. 31 shows the discretized model for the right bridge, 
4.2 Results 
Figures 32 through 36 illustrate the effects of skew angle on 
live load distribution in the hangers, shear stress in the windlock, 
relative displacement of the pins and axial load in the windlock. 
Both suspended span and full scale results are given. The 
results for the simplified suspended span model are given in Figs. 
33, 34 and 35. The full scale model results are shown in Figs. 32, 
34, 35 and 36. As can be seen, the simplified model exhibited 
trends in general structural reeponso similar to the rull scale 
resul ta but didn't accurately quantity these values. The smaller 
=odel Cseo Fig. 33) underestimates tho magnitude of uneven distribu-
tion or hnnser torcoa in o given ooaesbly, Evon in tho right 
bridge, there' o n IJ2J di!toronce in 11 vo load dintribut.ion in tho 
northonst oocoably, 
35 
Aside from the axial load in Hanger AB and in the windlock, all 
other responses exhibit an increasing rate of change as the skew 
angle is increased. The shear force in the hanger at Pin A also in-
creases as the skew angle increases. However, it acts to keep the 
hanger on the pin. The maximum live load shear force at that loca-
tion is -0.016 MN. 
The bending moment in Hanger AB showed the greatest impact of 
skew angle under wind load. The magnitude of the moment at the top 
of that hanger increases from 700.5 N-m (0°) to 2225.7 N-m (54.4°). 
This does not significantly affect the stresses in the hangers since 
the axial stress is the dominant stress vector. 
Figure 36 illustrates the effect of wind load on the axial 
force in the windlock. As the bridge is rotated to zero degrees, 
more or tho wind load is being directly transfered to the windlook 
instead of distributed through twisting or the deck. In a right 
bridge, tho maximum tensile stress in the windlook is 187.5 KPa. 
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5.1 Pin Analysis 
Chapter 5 
CONCWSIONS 
Results shown in Figs. 21 through 24 indicate that the 13 mm 
bearing length with linear distribution was a good simulation of the 
conditions on the pin prior to failure. This suggests that out-of-
plane bending of the hanger on the southeast corner was present. 
Frictional forces may or may not have been active since even with no 
frictional force, the principal strain exceeds the pin's yield 
strain. 
The level of strain in the pin surface was about 0.0049 mm/mm 
at the crack initiation site. This exceeds the elastic limit of the 
material which is 0.0012 mm/mm. 
5.2 Existing Structure 
Live Load No. 1 with the inside hanger removed and wind load 
applied gives tho maximum response tor load distribution and move-
ment. Under this load combination, tho total axial force in Hanger 
AD was equal to a dead load ot 1.09 HN and a live load or 0.39 KN. 
The relative dieplacecent or the pins wu prediotod to bo 12.0 m 
(southcuu1t) ond 8.o u (northeast). Tho probability or thb load 
coabirmt1on occurring, though, in highly unlikoly. 
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5.2.1 Forces at the Pin Just Prior to Collapse 
The maximum shear force at Pin A occurs when wind load is ap-
plied to the structure with Hanger CD inactive. From Sections 2.1, 
2.3 and 3.3.4.2 the forces at the critical location can be sum-
marized as follows. If the friction coefficient is taken as 0.26; 
the friction resistance is 0.28 MN. The force being exerted by cor-
rosion through the 356 mm washer is 0.089 MN and the shear force due 
to the structural response of wind loading is O. 008 MN. Even 
neglecting the additional restraint provided by the retaining plate, 
the reserve friction resistance is 0.19 MN holding the hanger from 
further movement off the pin. 
The results suggest that in order for the hanger to displace 
outward the friction force must be reduced, as through unloading of 
the hanger. If the axial load were reduced to 0.37 MN, there'd be a 
balance of forces at the pin surface. To overcome the 1, 13 MH dead 
load, though, wind load would have to create a large compressive 
load in that hanger. 
One additional consideration is the profile of tho pin surface 
nt tho tiae or collapae. Thora oxJated n unit'or= corrosion around 
tho pin t.hnt lott. it in o. ~poNtd atAto. Thb t.apor wna nbout. 23° 
at Pin A. At tho end or tho pin, plu1t10 r lov ot tho ,sat.orial wo 
oboorvod that tondod to flntton tho pin at tho tH,aring aurraco. Tho 
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axial load in the hanger would then add little lateral force to the 
hanger at this contact surface. 
In the outer northeast hanger (GH) where the axial load is the 
smallest, the friction force acting on the pin is only o. 0 7 MN. 
However, the degree of corrosion is much less at that location 
(hence, no pack-out or significant taper). The maximum shear force 
from a combination of load cases is also minimal, only 0.018 HN. 
Therefore, there exists insufficient lateral forces in the northeast 
corner to suggest that movement of the hanger off the pin is pos-
sible. 
5.2.2 Substructure Model 
Results of the substructure model used to assess the degree of 
interaction botween the hangers and airders indicates that no con-
tact was possible between the hangers and web extensions. Even un-
der the unlikely wind loading condition, contact vas not predicted 
tor hinged as well as fixed hanger conditions. 
5.3 Ertect ot Skewness 
A.s bridge akevno:us inaraasen so doe.a t.ho axial rorcoo 1n tho 
hanger nnsoablios, ahear rorcos and bonding coaonts on t.ho hangorn, 
aho~r in tho 11indlook nnd llltorAl aovocont or tho ptnn. 
Tho ono n1gn1rto.mnt. ro1pon:,a that docrt'AOH At ttkov onglo tn-
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creases is the axial load in the windlock; from o0 to 54.4°, this 
drops 37. 6%. 
TABLES 
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Table 1: Summary of Stress Analysis of 178 mm Pin 
µ = 0.20 
Element 
A 
B 
C 
µ • 0.10 
A 
B 
C 
lJ • o.oo 
A 
B 
C 
* 
3.2 DDD 
820.5 
-291. 6 
-100.0 
612.3 
-249.6 
-97.2 
404.7 
-206.8 
-94.5 
PRINCIPAL TENSILE STRESS 
(MPa) 
DISTANCE FROM PIN FACE 
9.5 mm 
1213.5 
-135.8 
-1.4 
958.4 
-128.2 
-2.8 
703.J 
120.0 
-3.4 
15.9 l!llD 
1185.9 
47.6 
57.9 
979.l 
40.0 
52.4 
779.1 
33.l 
46.9 
22.2 mm 
1006.6 
189.6 
104.8 
861.8 
173.l 
95.8 
717. l 
J 57 .2 
86.2 
• Uori:ontd lo:ad • u x Vttrtlcul load • ti x O. 98 MU 
38.1 mm 
799.8 
239.2 
78.6 
717.1 
204.1 
70.3 
628.8 
173.1 
62.7 
Table 2: Loading and Structural Variations 
Load Case DES CR IP TIO N 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Dead Load (Modified Deck) 
Live Load No, 1 (see Figure 25) 
Live Load No. 2 (see Figure 26) 
Live Load No. 3 (Single Truck - Driving Lane) 
Wind Load 
Brake Load (Vertical Load Effects Removed) 
Live Load No. l with Windlock Removed 
Live Load No. l with Inside Southeast Hanger Removed 
Wind Load vith Uindlock Removed 
Wind Load vith Inside Southeast Hanger Removed 
Table 3: Summary - Dead Load/ Brake Load I 
Reference 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
L O A D 
1 
REACTIONS 
71. 39 
0.24 
-0.05 
112.01 
0.27 
59.37 
61. 73 
49.76 
50.95 
26.72 
)/12.45 
336.19 
77. 37 
-13, 70 
24.33 
37.38 
l l. ll 
39.96 
-2. l/1 
-).38 
C A S E 
6 
X 102 (MN) 
-2.68 
0.02 
-0.94 
-1.53 
0.01 
-3.58 
1.01 
0.54 
2.82 
0.42 
2.70 
4.02 
-1.10 
0.50 
-1. 73 
-0.68 
0.31 
2.78 
0.01 
o.ss 
Note: A ne_v.;itlve •1,1lut! lndlcntau a dlrcctton opponlto that 11how ln fi~urc 29 
l A rrn~otivu vnhrn indlcnton the vlndlock dheng;'lf.ttlt 
Table 4: Summary - Dead Load/ Brake Load II 
Reference LO AD C A S E 
No. l 6 
LATERAL DISPLACEMENTSl (mm) 
A 24.50 0.98 
B 9.84 0.68 
E 26.04 0.78 
F 36.08 1. 70 
SHEAR FORCES2 ON HANGERS x 102 (MN) 
A -5.07 -0.13 
B -0,07 0.00 
C -4.20 -0.08 
D 0.06 o.oo 
E -5.11 -0.54 
F 0.87 0.12 
G -1.35 0.08 
H -0.88 1.25 
l Positive tu as sho\ffl for :-direction in Figure l 
2 Positive shear force causes tension in pin 
t,S 
Table 5: Swnmary - Dead Load/ Brake Load III 
Reference 
No. 
A 
B 
C 
D 
E 
F 
G 
H 
L O A D C A S E 
1 6 
MOMENTS IN HANGERS 
-392 
-571 
-298 
-497 
6226 
6291 
5848 
5899 
II F' 
'--
Looking in 
Direction of 
Traffic 
(N-m) 
-37 
34 
-25 
23 
844 
-838 
911 
-905 
C ,.. -. ,\ 
D -.J B 
Table 6: Summary - Wind Load Cases I 
Reference L O A D C A S E 
No. 5 9 10 
REACTIONS x 102 (MN) 
1 1.54 1.48 1.65 
2 0.43 1.25 0.43 
3 38.74 35.89 38.98 
4 
-2.92 -2.29 -2.98 
5 0.35 1.48 0.36 
6 -30.46 -18.65 -30.63 
7 
-5.92 -50.58 2.68 
8 9.11 49.91 
9 3.81 -4.26 3.78 
10 -0.85 5.73 -1.00 
11 l.29 1.05 1.20 
12 3.01 1.59 2.95 
13 
-7.05 -6.37 -7.01 
14 5.95 6.21 5.99 
15 
-38.91 -38.17 
-39.03 
16 3.92 4.32 3.97 
17 4. 39 4,64 4.40 
18 54. 33 53.45 54 .65 
191 -4. 78 
-4.12 
201 21.10 20.27 
~ta: A nCR4tlvo vnluo lndtcntcs a dlroction opposlto that ahow ln 
rtgure 29 
l A no~ntivo v.,luo !ndlcntes the vtndlock dltenga,tca 
t.7 
Table 7: Summary - Wind Load Cases II 
Reference LO AD C A S E 
No. 5 9 10 
LATERAL DISPLACEMENTS1 (mm) 
A 21.96 32.85 25.73 
B 19.73 86.19 19.90 
E 15,72 17.66 15.89 
F 18.59 80.85 18.83 
SHEAR FORCES2 IN HANGERS x 102 (MN) 
A 0.73 0.08 0.79 
B -0.31 3.53 -0.99 
C -0.96 -0.04 
D 0.31 -3.53 
E -0.54 -5.10 -0.54 
F 0.27 5.42 0.27 
c; 0.33 5.00 0.34 
u -0.27 -5.42 -0.27 
l Positive ia as ahown for z-dtrectlon in Figure 1 
2Poaitiva shear force cnuaas tonaton in pin 
Table 8: Summary - Wind Load Cases III 
Reference 
No. 
A 
B 
C 
D 
E 
F 
a 
H 
5 
-2230 
-2026 
-2228 
-2023 
1882 
1819 
1885 
1821 
L O A D C A S E 
9 
MOMENTS IN HANGERS (N-m) 
23760 
25104 
23760 
25104 
37430 
37543 
37430 
37555 
G ,. E 
If F 
Looking in 
Direction of 
Traffic 0 ..._ B 
roaittvc cocont an ahovn 
10 
-8045 
-5602 
1910 
1845 
1912 
1846 
Table 9: Summary .,.. Live Load Cases I 
Reference LO AD CA S E 
No. 2 3 4 7 8 
REACTIONS x l o2 (MN) 
l 4.54 7.97 4.82 4.26 4.69 
2 0.07 0.03 0,03 0.00 0.07 
3 0.43 0.51 0.27 0.85 0.90 
4 14.81 32.25 0.69 15.04 14.75 
5 0.07 0.04 0.07 
-0.03 0.07 
6 8.67 17.73 
-20.24 7.93 8.31 
7 24.47 24.61 17.70 27.13 36.78 
8 12. 91 13.18 8.12 14.95 
9 24.94 13.27 1.47 28.86 24.91 
10 4.02 o. 71 o.oa 4.05 3.83 
11 61.75 37.23 33.70 61.61 61.62 
12 40.39 18.94 0.56 40. 74 40.36 
13 -19.15 
-16.85 
-10.03 
-18.93 -19.10 
14 5.20 3.91 2.06 4.95 5.24 
15 -30.68 -28.90 -19.23 
-28.04 -30. 71 
16 
-7.93 -3.40 0.12 
-8.31 -7.88 
l7 4.10 3.42 2.38 3.90 4.13 
18 21.04 21.42 32,S1 18.00 21.31 
191 a.ss 4,08 
-0.41 9.37 
201 -J.7S -o.ss -0.lS 
-o.u 
~ioto: A nogntivo VAluo 1nd1cato1 a direction oppoaito that 1hovn in Flguro 29 
l A n@gotlvo volu@ 1ndlcnto• vlndlock dl1ongngo1 
Table 10: Summary 
-
Live Load Cases II 
Reference LOAD C A S E 
No. 2 3 4 7 
LATERAL DISPLACEMENTS! (nun) 
A 5.63 4.91 3.01 3.47 
B 3.60 3.04 2.93 
-2.30 
E 2.64 1.49 2.45 1.28 
F 7.58 5.14 2.58 3.96 
SHEAR FORCES2 ON HANGERS X 102 (MN) 
A -l.69 -1.58 -0.95 -1.64 
B -0.06 -0.17 0.03 -0.30 
C -0.98 -1.U -0. 70 
-1.36 
D 0.05 0.17 -0.02 0.29 
E -2.32 -1.35 -.022 -2.36 
F 0.54 0.41 0.35 0.31 
C 0.25 0.36 0.00 0.02 
H -0.54 -0.41 -0.34 -0.Jl 
1 Pooit1vo is as ahO'lo"n for z-dircction in Figure l 
2 A poalt.ivo ahoar force C4UHs tension in tho pin 
51 
8 
9.94 
3.77 
2.83 
7.86 
-1.80 
-0.82 
-2.32 
0.54 
0.27 
-0.55 
Table 11: Sl.lIJllllary - Live Load Cases III 
Reference LO AD CASE 
No. 2 
A 
-322 
B 
-475 
C 
-296 
D 
-454 
E 3876 
F 3594 
G 3897 
H 3610 
If 
3 4 
MOMENTS IN HANGERS 
-1140 
-1291 
-1270 
-1113 
2747 
2917 
2754 
2926 
-132 
-260 
-114 
-237 
2680 
2223 
2564 
2155 
Looking in 
Direction of 
Traffic 
7 
(N-m) 
-1973 
-2133 
-1942 
-2109 
2289 
1956 
2313 
1974 
C -~A 
PositJ.vo Moconc as shown 
8 
-7012 
-4402 
3908 
3623 
3928 
3639 
Table l2: Comparison with Previous Study - Displacements and 
Axial Loads 
RELATIVE DISPLACEMENT OF PINS (nun) 
Load Case A B /J. E F 
2a 2,65 -1.31 3.97 0.93 l.72 
2b 5,61 3.60 2,01 2.64 7.58 
3a 2,30 
-l.00 3.30 0.75 1.30 
3b 4.91 3.04 1.87 1.49 5.14 
Sa 2. 71 -1.29 4.00 0.95 1.74 
Sb 9.94 3.77 6.17 2.83 7.86 
AXIAL LOAD IN HANGERS x 102 (MN) 
Load Case AB CD r EF GH 
2a 35.36 -3.56 31.80 25.76 -0.27 
2b 24.47 12.97 37,43 24.94 4.02 
3a 34.21 -5.20 29.00 19.04 3.34 
Jb 24.61 13.18 37.79 13.27 0.71 
84 31.85 Jl.85 25.44 -0.27 
/). 
0.79 
4.95 
0.56 
7.77 
0.79 
5.03 
r 
25.49 
28.96 
22.37 
13.98 
25.18 
Sb 36,78 36.78 24 .91 3.83 28. 74 
4 - Analyuta by ~dJoolu & ~tor• 
b - AMly11sl por!on:aed for thht thoal• 
Table 13: Comparison with Previous Study - Skewed vs. Right Bridge 
a 
Skewed 
Right 
b 
Skewed 
Right 
a 
Skewed 
Right 
b 
Skewed 
Right 
A 
2.65 
-0.18 
5.61 
0.40 
AB 
35.36 
13.12 
24.47 
19.84 
RELATIVE DISPLACEMENT OF PINS 
B E 
1. 31 3.97 0.93 
-1.38 1.21 -0.06 
3.60 2.01 2.65 
-0.04 0.44 0.68 
AXIAL LOAD IN HANGERS x 102 
CD 
-3.56 
20.11 
12.97 
18.96 
31.80 
33.23 
37.79 
38.81 
EF 
25.76 
21.48 
24.94 
19.08 
a - Analysis by Modjoski & Masters 
b - Annlysh porforrMd for this thc:siB 
(mm) 
F 
1. 72 
0.85 
7.58 
1.96 
(MN) 
GH 
-0.27 
14.68 
4.02 
lJ.43 
0.79 
0.91 
4.95 
1.28 
25.49 
36.16 
28.96 
32.51 
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